ABSTRACT. To determine the relative importance of patent ductus arteriosus, indomethacin, and intestinal distension a s factors that promote terminal ileum ischemia, eight near-term fetal lambs were surgically prepared by in situ cannulation of the proximal and distal ends of a loop of terminal ileum, formalin infiltration of the ductus arteriosus, and placement of a snare around the ductus arteriosus to control its patency. The incisions were closed; the lambs were delivered and mechanically ventilated. Terminal ileum blood flow and oxygen consumption were measured after the loop of ileum had been distended with 0.9% NaCl to luminal pressures of 1-2, 7, and 18 mm H g (0.13-0.26, 0.93, and 2.38 kPa) (pressures observed in the intestinal lumen after feeding and during pathologic conditions). The effect of these pressures on terminal ileum blood flow and oxygen consumption was examined: I) with ductus closed, 2) with ductus open, and 3) 1 h after administration of indomethacin (0.3 mg/kg; 0.8 pmol/kg) with ductus closed. Both open ductus and indomethacin produced a significant decrease in intestinal blood flow. This occurred over the entire range of luminal pressures examined. In all three study conditions, terminal ileum blood flow fell commensurate with a fall in perfusion pressure. Despite this absence of pressure-flow autoregulation, oxygen consumption was maintained when the ductus was closed or open. In contrast, indomethacin inhibited the ability of the terminal ileum to autoregulate its oxygen consumption. These findings suggest that both open ductus and indomethacin present an increased risk of intestinal ischemia. W e hypothesize that indomethacin's beneficial effect on ductus closure may be counterbalanced by its negative effect on intestinal perfusion and metabolism. (Pediatr Res 29: 569-574, 1991) Abbreviations NEC, necrotizing enterocolitis PDA, patent ductus arteriosus Voz, oxygen consumption Numerous risk factors have been associated with intestinal ischemia: among these are PDA and, more recently, the treat-
ABSTRACT. To determine the relative importance of patent ductus arteriosus, indomethacin, and intestinal distension a s factors that promote terminal ileum ischemia, eight near-term fetal lambs were surgically prepared by in situ cannulation of the proximal and distal ends of a loop of terminal ileum, formalin infiltration of the ductus arteriosus, and placement of a snare around the ductus arteriosus to control its patency. The incisions were closed; the lambs were delivered and mechanically ventilated. Terminal ileum blood flow and oxygen consumption were measured after the loop of ileum had been distended with 0.9% NaCl to luminal pressures of 1-2, 7, and 18 mm H g (0.13-0.26, 0.93, and 2.38 kPa) (pressures observed in the intestinal lumen after feeding and during pathologic conditions). The effect of these pressures on terminal ileum blood flow and oxygen consumption was examined: I) with ductus closed, 2) with ductus open, and 3) 1 h after administration of indomethacin (0.3 mg/kg; 0.8 pmol/kg) with ductus closed. Both open ductus and indomethacin produced a significant decrease in intestinal blood flow. This occurred over the entire range of luminal pressures examined. In all three study conditions, terminal ileum blood flow fell commensurate with a fall in perfusion pressure. Despite this absence of pressure-flow autoregulation, oxygen consumption was maintained when the ductus was closed or open. In contrast, indomethacin inhibited the ability of the terminal ileum to autoregulate its oxygen consumption. These findings suggest that both open ductus and indomethacin present an increased risk of intestinal ischemia. W e hypothesize that indomethacin's beneficial effect on ductus closure may be counterbalanced by its negative effect on intestinal perfusion and metabolism. (Pediatr Res 29: 569-574, 1991) Abbreviations NEC, necrotizing enterocolitis PDA, patent ductus arteriosus Voz, oxygen consumption Numerous risk factors have been associated with intestinal ischemia: among these are PDA and, more recently, the treat-ment of a PDA with indomethacin (1-6). In sick, preterm infants, where intestinal oxygen demands are high (7) and motility is frequently compromised, enteral feedings can lead to increased oxygen demand (8), intestinal distension, venous congestion, and decreased perfusion (9).
The following study was designed to examine the independent and combined effects of a PDA, indomethacin, and intestinal distension on the terminal ileum's ability to regulate its blood flow and oxygen metabolism in the newborn lamb. We hypothesized that if there was a preexisting decrease in terminal ileum perfusion caused by a PDA or indomethacin, superimposed intestinal distension might decrease perfusion further, leading to terminal ileum blood flows below the level capable of supporting oxidative metabolism. The terminal ileum was chosen as the site of study for two reasons. First, in the newborn, the terminal ileum is particularly susceptible to ischemia because collateral blood flow is not yet fully developed (10). Second, the terminal ileum is the portion of the bowel most frequently afflicted with NEC (I 1).
MATERIALS AND METHODS
Surgical preparation. Surgery was performed in utevo in eight pregnant mixed-breed Western ewes with time-dated gestation of 139-142 d (term 147 d). The ewes were fasted 24 h, given spinal anesthesia with 4 mL 1 % tetracaine, and sedated as needed with i.v. ketamine (50-100 mg every 15-20 min). Local anesthesia with 0.5% lidocaine was used for all maternal and fetal incisions. In addition, the fetal lambs received supplemental anesthesia with i.v. pentobarbital sodium (5-10 mg in intermittent doses). The uterus was exposed through a midline abdominal incision and, using surgical techniques previously described in detail (12), catheters were placed into the fetal lamb's descending aorta, brachiocephalic artery, superior and inferior vena cava, and carotid artery. Also as described previously (1 2), through a small left anterior thoracotomy, the wall of the ductus arteriosus was infiltrated with a 10% formalin solution to destroy its muscular layer and prevent postnatal closure. A mechanical snare was then placed around the ductus arteriosus to control its patency experimentally. A catheter was placed in the main pulmonary artery and the thoracotomy incision closed. Next, as shown in Figure I , we prepared an in situ, isolated loop of terminal ileum about 40 cm long. Silastic cannulas were placed in the proximal and distal ends of the study loop of terminal ileum and into the proximal intestine. Through the ligated colonic venous tributary, a catheter was placed into the mesenteric vein draining the study loop of terminal ileum. The abdominal incision was closed. Finally, a 4.0 F, cuffed endotracheal tube was placed by tracheotomy. The lambs were delivered by cesarean section.
Experimental protocol. tricle. Blood flows, including terminal ileum blood flow, cardiac output, and ductus arteriosus left to right shunt, were measured by injection of microspheres (15 pm) labeled with one of nine different isotopes into the left ventricle as reference blood samples were withdrawn simultaneously from the descending aorta and brachiocephalic artery (12). After measurements at each luminal pressure were completed, the intestinal cannulas were replaced to gravity drainage for a recovery period of 20 min before proceeding to measurements at the next luminal pressure. After open-ductus measurements were complete, the ductus was closed by tightening the snare placed around it. Thirty min later, the same measurements were made at each of the three luminal pressures. We then gave the lamb a 0.3-mg/kg (0.8-pmol/kg) dose of indomethacin and, 1 h later with the ductus closed, the same measurements were repeated at the three luminal pressures. In addition, 1-mL blood samples were obtained 1 and 2 h after the dose of indomethacin to determine its plasma concentration. At the end of the experiment, the animals were given an overdose of Euthanasia solution (Anthony Products, Arcadia, CA). As tissues were prepared for microsphere analysis, the positions of all catheters and the ductus arteriosus snare were confirmed.
Measurements and calculations. Arterial and venous pH, Pc02, and Po2 were measured on a Corning Blood Gas Analyzer (Corning Medical, Medfield, MA); oxygen saturation and Hb concentration were measured on an OSM 2 Hemoximeter (Radiometer, Copenhagen, Denmark). Vascular catheters were connected to Statham P23dB pressure transducers and vascular pressures continuously recorded on a Beckman R612 direct writing recorder. For microsphere determination of blood flows, the organs and tissues were weighed, placed in formalin, incinerated at 325°C for 72 h, pulverized, and placed in counting vials. The radionuclide activity of each isotope in each organ and reference blood sample was measured as radioactive counts in a well-type gamma scintillation counter and multichannel pulseheight analyzer. Terminal ileum blood flow was then calculated from the counts recovered in the terminal ileum, divided by the counts in the reference arterial blood sample, multiplied by the reference blood flow. Blood withdrawn from the mesenteric vein during the microsphere injection had no radioactivity, indicating that there was no terminal ileum arterial-venous shunting or Mesenteric V. Fig. 1 . Surgical preparation of the in silu, isolated loop of terminal ileum in eight newborn lambs. After proximal and distal ligation of the terminal ileum (about 40 cm long), 8 F Silastic cannulas were placed for proximal perfusion inflow, distal perfusion outflow, and proximal bowel outflow. All cannulas were put to gravity drainage except during experimental measurements. A catheter was placed into the mesenteric vein draining the study loop of terminal ileum through the ligated colonic venous tributary. The intestine was replaced in the abdomen; the abdominal incision was closed.
PDA, INDOMETHACIN, AND GASTROINTESTINAL DISTENSION 57 1 leaching of microspheres from the terminal ileum capillary bed. Cardiac output and ductus arteriosus shunt flow were calculated from the counts recovered in the entire animal, the counts recovered in the lungs, the counts in the reference samples, reference blood flow, and an assumed bronchial arterial blood flow of 8% of cardiac output (1 2).
Terminal ileum perfusion pressure was determined as the difference between aortic driving pressure and effective "venous" outflow pressure. Because increases in luminal pressure are transmitted almost completely to the venous compartment, when luminal pressure is increased effective "venous" outflow equals luminal pressure. Oxygen consumption was determined as the product of the arterial-to-venous oxygen content difference and terminal ileum blood flow. Arterial and venous oxygen content were determined as the product of H b concentration, oxygen saturation, and an oxygen binding capacity of 1.35 mL/g Hb.
Indomethacin concentrations were determined by combining 0.1 m L plasma with 0.5 m L internal standard solution (Carprofen 0.1 &mL in C H X N ) . After centrifugation, an aliquot of the upper layer was injected for HPLC analysis into an Altex Ultrasphere Octyl 5-pm (5 cm x 4.6 mm) column using a 40% CH3CN + 0.2% H3P04, pH 4, mobile phase, and detected at 260 n m wavelength with a UV detector. Statistical anu1~1~~i.s. The comparisons to be made were determined before we began this study. The effects of ductal patency and indomethacin at each luminal pressure, and the effects of luminal pressure within each study condition, were tested by analysis of variance for repeated measures. When ANOVA revealed significant differences, we used Scheffk's multiple comparison F for a posreriori comparisons. ANOVA for terminal ileum vascular resistance was performed after the values were logarithmically transformed to normalize their distribution. Within each study condition, the relationship between changes in oxygen consumption and changes in intestinal perfusion pressure was determined by simple linear regression, as performed by a computerized statistical package, Super ANOVA, based on the principle of least squares; a normal distribution of the residuals in each regression was confirmed by box-plot analysis. All values are presented as mean + SD. Values of p < 0.05 are considered statistically significant.
RESULTS
Arterial pH, Pco,, and Poz did not change throughout the course of the study (Table 1) . When the ductus arteriosus was closed, cardiac output and vascular pressures were within the normal range for mechanically ventilated newborn lambs (12, 13). When the ductus arteriosus was open, there was a left to right shunt through the ductus arteriosus that was 60% of left ventricular output. This was accompanied by a compensatory increase in cardiac output, an increase in pulmonary arterial and left ventricular end-diastolic pressures, and a decrease in descending aortic arterial pressure. When the ductus was open, there was a significant drop in terminal ileum blood flow. This was due both to a drop in aortic driving pressure and to a n increase in terminal ileum vascular resistance.
When the lambs were treated with indomethacin (0.3 mg/kg; 0.8 Fmol/kg), there was a transient increase in aortic blood pressure (data not shown); however, 1 h later there were no significant differences in cardiac output or blood pressures when compared to pretreatment values (Table 1) . Plasma indomethacin concentrations at 1 and 2 h after the dose were 0.637 t 0.199 pg/mL (1.8 + lo-" M) and 0.485 k 0.098 pg/mL (1.4 x lo-" M), respectively. These values are comparable to those obtained in human clinical trials where indomethacin has been used to constrict the ductus arteriosus (for review, see reference 14). lndomethacin significantly decreased terminal ileum blood flow. This was due solely to an increase in intestinal vascular resistance.
Elevated luminal pressure increases intestinal wall tension, which causes the effective intestinal venous outflow pressure to increase. Therefore, we hypothesized that terminal ileum perfusion pressure (the difference between aortic driving pressure and effective intestinal venous outflow pressure) would drop as terminal ileum luminal pressure was increased. Surprisingly, however, when the luminal pressure was raised to 7 m m Hg (0.93 kPa), the terminal ileum perfusion pressure fell only when the ductus was open (Table 1) . In both the closed ductus, and indomethacin + closed ductus study conditions. net pcrfusion pressure was unchanged, despite the increase in luminal pressure, due to an unexpected compensatory increase in aortic driving pressure. However, when luminal pressure was increased furthcr to 18 m m Hg (2.38 kPa), perfusion pressure was significantly decreased in all three study conditions. As one might expect, because perfusion pressure was not affected by the increase in luminal pressure to 7 m m Hg (0.93 kPa), terminal ileum blood flow was not altered. However, when the luminal pressure was increased to 18 m m Hg (2.38 kPa), perfusion pressure dropped, causing terminal ileum blood flow to fall in all three study conditions. Figure 2 shows the relationship between terminal ileum oxygen consumption and perfusion pressure. It appears, from the horizontal slope of the regression line, that oxygen consumption was relatively maintained, or autoregulated, when the ductus was closed or open ( Fig. 2u and h ) . However, this ability to autoregulate intestinal oxygen consumption was compromised after treatment with indomethacin (Fig. 2c ).
DISCUSSION
Our purpose was to study the perinatal effects of a PDA, indomethacin, and superimposed intestinal distension on terminal ileum blood flow and oxygen consumption in newborn lambs. The lambs in this study were sedated with pentobarbital, which theoretically could affect the results. Pentobarbital has been reported to increase intestinal blood flow transiently; however, intestinal blood flow usually returns to baseline in about an hour despite continuing pentobarbital anesthesia (I 5). In this study, several hours had elapsed between the first dose of pentobarbital and our measurements of blood flow; therefore, it is unlikely that pentobarbital sedation affected our results. Our lamb model does not allow for speculation on the effects of prolonged ductus patency, or repeated administration of indomethacin. Nor d o our findings reflect upon very immature bowel; the lambs in this study were only slightly premature. T o answer these questions, a different experimental model would be required. Our aim was to create a model in which increases in terminal ileum luminal pressure could be reproducibly produced and then to determine whether ductus patency or indomethacin would significantly decrease terminal ileum blood flow or oxygen consumption.
The physiologic, and pathologic clinical, range of distal intestinal pressure in adult laboratory animals and humans is reported Artificial intestinal distension, with the associated increase in luminal pressure, has been shown to decrease terminal ileum blood flow in several studies in adult dogs and cats and in newborn piglets (19) (20) (21) (22) (23) . The mechanism that causes blood flow to fall is reported to be mechanical compression of the venous blood vessels. Increases in luminal pressure arc transmitted almost completely to the venous compartment; effective "venous" outflow pressure is increased, causing perfusion pressure and blood flow to fall (22) . However. the clinical applicability of Terminal ileum Perfusion pressure (mm Hg) 6 1 + 1 1 5 9 t 9 4 9 k l O t t 5 4 + 1 2 § 48+121-,7 3 6 5 9 + 1 1 5 7 + 9 46+111-t (kpa) 8.1 + 1.5 7.8 + 1.2 6.5 + 1.3t-l 7.2 t 1.6 § 6.4 + 1.61-,11 4.8 + 1.5t,tt 7.8 f 1.5 7.5 f 1.2 6.1 + 1.5tt
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these studies is somewhat unclear because, in most, the range of intestinal pressures analyzed greatly exceeded that seen under physiologic and pathologic clinical conditions (16). The few studies that have included an analysis of increases in luminal pressure below 20 mm Hg (2.65 kPa) often failed to show a decrease in terminal ileum blood flow in this range. One study in newborn piglets, however, suggests that terminal ileum blood flow is compromised at a lower luminal pressure in the newborn (23) . We hypothesized that increases in luminal pressure in the physiologic range might be less well tolerated in an intestine already compromised by a PDA or indomethacin. Previous animal studies have shown that both a PDA (12) and indomethacin (24) decrease mesenteric blood flow. Doppler ultrasonographic evidence suggests that both a PDA (25) and indomethacin (26) also may decrease mesenteric blood flow in preterm infants. In the current study, we found that the presence of either a PDA or indomethacin decreased terminal ileum blood flow over the entire range of intestinal luminal pressures examined. The fall in terminal ileum blood flow with a PDA tended to be slightly greater than the fall in terminal ileum blood flow with indomethacin, but the magnitude of the decreases was not statistically different. Indomethacin, unlike other nonsteroidal antiinflammatory drugs, acts as a potent vasoconstrictor of regional vascular beds (e.g., the gastrointestinal and myocardial circulations) (27) (28) (29) . In adult dogs and cats, indomethacin has been shown to decrease intestinal blood flow by a mechanism independent of decreases in perfusion pressure, a-adrenoreceptors, or prostaglandin synthesis blockade (30, 31) . We have previously shown that a PDA reduces mesenteric perfusion by causing both a decrease in arterial perfusion pressure and an increase in mesenteric vascular resistance (12).
As we increased terminal ileum luminal pressure to 7 mm Hg (0.93 kPa), we saw a surprising compensatory increase in descending aortic driving pressure, causing intestinal perfusion pressure to be maintained. We do not know what caused this compensatory increase. One possibility would be a neurogenic reflex in which intestinal distension stimulates vagal afferents, ultimately resulting in an increase in arterial pressure. Another possibility is that increased intestinal pressure, a known mediator of visceral pain in conditions such as colic or intestinal obstruction (32), may have resulted in increased catecholamine secretion, causing a secondary increase in arterial pressure. It is interesting to note that this compensatory increase in aortic pressure did not occur when the ductus arteriosus was open.
As we increased luminal pressure further to 18 m m Hg (2.38 kPa), the compensatory increase in arterial pressure plateaued, perfusion pressure was decreased, and terminal ileum blood flow fell. The proportionate decrease in blood flow was similar whether the ductus was open or closed, or whether or not the lamb had received indomethacin. It is important to note that the effect of a PDA or indomethacin and superimposed intestinal distension were additive, so that terminal ileum blood flow fell much more when the two factors were combined.
Autoregulation of blood flow is the intrinsic ability of an organ to maintain a relatively constant blood flow despite imposed changes in perfusion pressure (33). In all three conditions in this study, closed ductus, open ductus, and indomethacin + closed ductus, terminal ileum blood flow fell commensurate with the fall in perfusion pressure. Previous studies have shown that some pressure-flow autoregulation exists in the intestine in response to high concentrations of intraluminal solute (8, 34) . However, in the nonabsorptive state, the quality of intestinal blood flow autoregulation is felt to be marginal (34, 35) . In our study, the lambs had never been fed, and there was no evidence of terminal ileum blood flow autoregulation.
In adult animals, the intestine appears to autoregulate oxygen uptake and metabolism better than blood flow (34, 35). Our study in newborn lambs supports this notion regardless of ductus patency. Whcthcr the ductus was open or closed, a fall in perfusion pressure decreased blood flow, whereas oxygen consumption was relatively maintained (Fig. 2 a and / I ) . This ability to autoregulate intestinal oxygen consumption is thought to occur through an increased efficiency of oxygen extraction by two potential inechanisms (34, 35) . First, a decrease in intestinal perfusion causes capillary recruitment, which increases the number of actively perfused capillaries (8). In addition, as more capillaries are perfused, the velocity of capillary blood flow decreases, thereby increasing the time available for oxygen exchange (35). Our findings differ from those of Nowicki and Miller (36) , who found that oxygen uptake was dependent on arterial pressure in newborn swine. Their studies, however, wcrc performed on isolated and denervated loops of intestine, which might account for the difference in results (36).
We were surprised to discover that pretreatment with indomethacin blocked, or at least severely blunted, autoregulation of terminal ileum oxygen consumption. As shown in Figure 2c , as terminal ileum perfusion pressure decreased, so did oxygen consumption. Presumably, indomethacin blocks the compensatory mechanism responsible for capillary recruitment in the intestine. This could be due to either a direct effect of indomethacin or blockade of local prostaglandin synthesis.
In our current study, we focused on PDA and indomethacin because they have both been implicated as significant risk factors in the development of intestinal ischemia and NEC (1-6). Although it is likely that a PDA or indomethacin alone may not be sufficient to produce ischemic injury, they might rcnder the intestine more vulnerable to other ischemic insults. For example, small increases in abdominal pressure (produced by increased diaphragmatic breathing) can decrease intestinal blood flow in lambs with a PDA, but not in lambs whose ductus is closed (1 3). This hypothesis is consistent with the recent study by Palder et al. (37) , which showed that the severity of NEC is increased in the presence of a PDA.
Whether a direct causal relationship exists between a PDA and NEC remains a matter of debate. In a randomized, controlled trial of prophylactic closure of the ductus arteriosus by surgical ligation, the incidence of NEC was significantly reduced from 30 to 8% in the early-closure group (2) . None of the infants in this study received indomethacin. On the other hand, clinical trials that have used indoinethacin to prophylactically close the ductus arteriosus have failed to show any significant effect of early therapy on the incidence of NEC (reviewed in reference 14). Our study suggests that both a PDA and indomethacin present an increased risk of intestinal ischemia. Perhaps indomethacin's beneficial effect on ductus closure is counterbalanced by its negative effect on intestinal perfusion and metabolism. This might account for the failure to see any change in the incidence of NEC after indomethacin-induced ductus closure. In conclusion, our observations help to clarify the relative roles of patent ductus arteriosus, indomethacin, and intestinal distension as factors that increase the risk of intestinal ischemic injury.
